Intravascular hemolysis of moderate or severe degree in man is often followed by acute renal failure. Most studies of renal function have been carried out on patients during or after the oliguric or anuric phase and have, therefore, shed little information on pathogenesis of the renal failure.
The present studies were undertaken to clarify the changes in renal function which precede anuria resulting from intravascular hemolysis. It was hoped that the onset of acute renal failure might be prevented if the means of reversing the early changes could be found.
The changes in renal function in 10 patients during intravascular hemolysis induced by the intravenous infusion of distilled water are described in this report. The infusions were given slowly, carefully controlled, and often continued for many hours. The resulting alterations in renal function rapidly returned toward normal after the infusion of water was discontinued or after the intravenous injection of Parathormone.
The initial justification for this study rested on observations of the changes in renal function in a patient during and after the accidental intravenous infusion of distilled water. She developed anuria but urine flow was reestablished and her inulin clearance returned to normal 30 minutes after the intravenous injection of Parathormone. Twelve weeks later her inulin clearance was 140 ml. per min. per 1.73m2, Diodrast clearance 420 ml. per min. per 1.73m2, but Tm Diodrast was only 11 mg. per min. per 1.73m2 . Clinical tests, were excluded from the present study. A urine specimen of specific gravity of at least 1020 was required before subjects were accepted for study.
At first the only patients studied were those with Hodgkin's disease, lymphosarcoma, or leukemia who were receiving X-ray treatment. Some patients without malignant disease were studied after the experimental procedures proved safe. Two of our experimental patients died some months after the studies were completed, of lymphatic leukemia and lymphosarcoma, respectively, and autopsy examinations revealed no renal abnormality which could be attributed to intravascular hemolysis.
Many investigators have failed to demonstrate renal failure during or after the infusion of hemoglobin solutions in man and experimental animals unless other abnormalities were present, for example hypotension (Rosoff and Walter [1] ) or anaphylaxis (Mason and Mueller [2] ). Landsteiner and Finch (3) and Voris (4) gave massive intravenous infusions of distilled water but described no instance of renal failure though detailed studies of renal function were not reported. Amberson, Jennings, and Rhode (5) reported oliguric reactions twice in a series of 77 infusions of hemoglobin solutions. On the other hand, Miller and McDonald (6) regularly demonstrated changes in renal and cardiovascular function in 26 normal subjects following the infusion of pure hemoglobin solutions and of freshly lysed red blood cells. The latter authors did not report any severe or permanent renal damage following their experimental procedures.
METHODS
Subjects: Nine of the 10 experiments were carried out on patients receiving X-ray therapy for leukemia, lymphosarcoma, or Hodgkin's disease. Some data regarding these subjects are set out in Table I or after the experiments ended and the following elevated oral temperatures were recorded: 38.40 C in PAT 20 minutes after the study ended and persisting for 6 hours; 38.60 C in SOF 30 minutes after the study ended and persisting for 2 hours; 380 C in PAY 1 hour before the study ended and persisting for 1.5 hours; 38.20 C in QUE in the last period, reaching 39.20 C 1 hour later but falling in the next 2 hours; 380 C in SMI at the end of the study, 39.60 C 1 hour later and falling to less than 380 C 3% hours after the study ended. These reactions were attributed to the manipulations of the experiments and to the presence of traces of pyrogens in the infusions which had been given for many hours. The manifestations of "transfusion reaction" were completely absent. Backache was never more than mild and, presenting with a slow onset after some hours of flat recumbency, was not unexpected.
Oliguria developed in the same manner in all of the seven patients who showed it. Urine flow started to diminish shortly after the infusion of water was begun and continued to decrease until steps were taken to increase it. In four patients, at the depth of oliguria, the urine volume was virtually zero during 20 to 30 minute periods. Progressive oliguria was always associated with progressive decrease in Diodrast clearance, with a fall in inulin clearance in six patients, and a rise in filtration fraction in four patients. Hemoglobinuria usually accompanied or immediately followed significant oliguria.
Validity of renal clearances: Inulin and Diodrast clearances were considered to indicate glomerular filtration rate and renal plasma flow, respectively. Extraction ratios were not performed but normal ratios were assumed since Miller and McDonald (6) found normal ratios in similar experiments. Other investigators (13) clearly demonstrated that inulin and PAH clearances were valid in the dog until the renal blood flow fell to about 3 per cent of normal, a decline far greater than we ever observed. Finally the changes in renal function in our patients were rapidly reversible and U/P ratios for inulin always rose as urine volume decreased.
Collection periods of 20 to 40 minutes are too short for the accurate measurement of urine flows of 0.5 ml. per minute and less and the ureteropelvic dead space is large in comparison with the collected urine volume. Clearances calculated for the periods of minimum urine flow will be too low whilst those for the periods immediately following will be too high. Renal storage and release of Diodrast may exaggerate the errors in the calculation of some clearances. In spite of these errors the continuous series of clearances are taken to indicate the magnitude and direction of the changes in filtration rate and renal plasma flow in each patient.
Diodrast clearances: A highly significant direct correlation developed between the rate of urine flow and Diodrast clearance during the infusion of distilled water. Prior to the infusion of distilled water the coefficient of correlation was low and not significant (r = 0.08, n = 30 and P = > 0.1) but during the infusion of distilled water the correlation coefficient was higher and highly significant (r = 0.54, n = 41 and P < 0.001). Correlation coefficients were derived from the logarithms of the data obtained from all 10 patients during the control period and during the infusion of distilled water but the data obtained during or after the infusion of Parathormone were excluded.
Renal plasma flow was reduced in the seven patients who developed oliguria during the in- fusion of water and this reduction started as soon as urine flow began to decrease that is, when hemolysis began.
Inulin clearances: A significant direct correlation developed between the rate of urine flow and inulin clearance during the infusion of distilled water though it was not demonstrable during the control periods. Correlation coefficients were derived in the same manner as for Diodrast clearances and were similar. Prior to the distilled water infusion the correlation coefficient was low and insignificant (r = 0.14, n = 30, P = > 0.1) but during the infusion of distilled water the correlation coefficient was higher and highly significant (r = 0.41, n = 41, P = < 0.01 > 0.001).
The correlation between GFR and urine flow was not as close as that between urine flow and RPF (Table II, Calculated renal vascular resistances: These resistances were increased in all patients developing oliguria and were considered to indicate renal vasoconstriction. Plasma and urine hemochromogens: The plasma hemochromogen concentration bore no constant relation to the development of oliguria, the levels were no higher in the patients developing oliguria than those who did not. The amount of hemolysis depended mainly on the size of the vein receiving the infusion and on the blood flow through it as the infusions of water were usually given at the same rate, 4 ml. per minute. In general, the smaller the vein used the greater the hemolysis. The highest plasma hemochromogen concentrations were from 70 to 226 mg. per cent with a mean of 142 mg. per cent.
The rate of infusion of water appeared to be of greater importance in producing changes in renal function than the plasma hemochromogen concentration, for decreasing the rate of water infusion Figure 4 ). This reversal was significant within 20 minutes. A similar effect was observed when a solution of the patient's own stroma free hemoglobin (0.7 per cent) in 0.85 per cent saline was substituted for distilled water (FLO in Table II, Figure 5 ). This reversal took place in the presence of unchanged or increased plasma hemochromogen concentrations and often in the presence of increased hemoglobinuria.
Effects of Parathormone: The intravenous injection of Parathormone solution produced a prompt diuresis, a marked increase in Diodrast clearance and a fall in filtration fraction in every patient who was given it whether they had oliguria or not (ELL, FER, SMI, NEE, QUE, SOF, HUG in Table II , Figures 3 and 6 ). In five of these seven patients inulin clearances increased considerably but in two (QUE, SOF) resulted in a prompt increase in urine flow and Diodrast clearance (PAT, FER, SMI in Table  II and Figure 3) . Increasing the rate of water infusion produced the reverse effects. The changes in plasma hemochromogen concentration after it became elevated were quite minor in degree and only once did the concentration fall after a temporary decrease in the rate of infusion of water.
Oliguria was accompanied or followed by hemoglobinuria in six of the seven patients developing concomitant decreased renal plasma flow, but hemoglobinuria was observed in the absence of oliguria or diminished renal blood flow (SOF in Table I ). Hemoglobinuria usually appeared when the plasma concentration was 100 to 150 mg. per 100 ml.
Changes after stopping the distilled water infusions: In the oliguric patients urine flow, renal plasma flow and filtration rate increased in the first period after stopping the distilled water infusion and then returned toward, or to, the con- were unchanged and neither of these two patients had evidence of significant renal vasoconstriction or oliguria. These reactions were typically those of intense renal hyperemia and were unaccompanied by systemic changes. No patient had evidence of abnormal sensitivity to the intradermal injection of Parathormone prior to the intravenous injection and the renal effects appeared to be unrelated to any effect on phosphate reabsorption.
DISCUSSION
One of the most striking changes in renal function was the occurrence of a diminished urine flow and a diminished Diodrast clearance in 7 of the 10 patients during the infusion of distilled water. A diminished Diodrast clearance was considered to indicate decreased renal plasma flow and this, in turn, to indicate renal vasoconstriction. Renal vasoconstriction did not appear to be a part of gross generalized vasoconstriction in our patients for there were no significant changes in arterial blood pressure or pulse rates. Miller and McDonald (6), on the other hand, recorded raised blood pressures in normal subjects during similar experiments. A decreased renal plasma flow was not only observed in the patients with profound oliguria but also in three patients whose minimum urine flows were 0.25, 0.31, and 0.88 ml. per minute, respectively. A statistically highly significant direct correlation between urine flow and renal blood flow was found when the data on all 10 patients were considered though considerable variation was observed in the data from individual patients. Though it has been suggested that urine flow may be influenced by renal blood flow to a greater extent than is usually considered (14) significant correlations have not been recorded unless there has been a great reduction in urine flow. Urine flow does vary with renal blood flow in the experimental animal if the renal artery is temporarily occluded (15) , or if blood flow is reduced though the perfusion pressure be kept constant (16) , or if the kidney is previously subjected to 5 to 20 minutes of ischemia (17) . The renal functional changes in our patients resembled those of post-ischemic or perfused kidneys.
Changes in the rate of infusion of distilled water were promptly followed by inverse changes in the rates of urine flow and renal blood flow in oliguric patients. Renal function returned toward normal when the distilled water infusion was stopped and 4 per cent glucose in water substituted for it.
The effects of distilled water did not appear to be due to impurities since the same water was used for making up all the intravenous solutions given to these patients in the three-year period during which the studies were made. Some The appearance of renal vasoconstriction and oliguria appeared not to depend on the plasma hemochromogen concentration nor did urine flow vary inversely with it except in a very general way. Hemoglobin solutions have been infused into convalescent patients and patients with renal disease to determine glomerular permeability and, though plasma hemoglobin levels of 500 mg. per cent were reached, no instance of oliguria or anuria was recorded (18) . Badenoch and Darmady (19) concluded that hemoglobin was nephrotoxic only if a critical degree of renal damage had previously been achieved. Only two groups of workers have regularly produced renal vasoconstriction by the infusion of hemoglobin solutions.
The importance of tubular necrosis from nephrotoxins and of disruption of tubules (tubulorrhexis) from focal cortical ischemia (the ischemuric episode), in the pathogenesis of acute renal failure has been stressed by Oliver, MacDowell, and Tracy (20) in their excellent paper. They have discussed the importance of combinations of these factors and point out that many causes lead to the single entity of acute renal failure. It has been suggested that tubular damage may lead to unselective back diffusion of glomerular filtrate. Such effects from hemoglobinemia or distilled water cannot have been important in our patients for the reasons set out in the discussion on the validity of the clearances and because the changes in renal function were rapidly reversible.
The intravenous injection of hematin into the dog induces changes in renal function closely resembling those observed in our patients (21) . In man hematin rapidly combines with serum albumin to form methemalbumin but this does not occur in the dog (22) . Methemalbumin was identified in the plasma of our patients by spectrophotometric and electrophoretic methods (23) and was found in the urine of some of them (24) . As methemalbumin is regularly found in the plasma of all patients who have elevated plasma hemoglobin levels the arguments used in the discussion of the role of hemoglobin apply also to methemalbumin. There was no evidence that methemalbumin acted as a renal vasoconstrictive agent in our patients. Amberson Erythrocyte stroma has been suggested as a major factor in the genesis of reactions to intravascular hemolysis but Maluf (25) failed to demonstrate differences between the effects of freshly lysed red cells and of hemoglobin solutions given to dogs. On the other hand the intravenous infusion of homologous stroma into the rat (26) or mouse (27) is quickly lethal and the infusion of stroma into the dog has been reported to induce cutaneous petechiae (28) . Small "foreign bodies" could induce local renal vasospasm and any vasodilator might promptly reverse their effect.
The intravenous injection of Parathormone resulted in a prompt diuresis and renal vasodilatation in every patient to whom it was given. The exact degree of renal hyperemia could not be assessed as there was some "washing-out" of inulin and Diodrast from the oliguric kidneys. These changes occurred regardless of the presence of oliguria and renal vasoconstriction and were usually maintained for 40 to 60 minutes.
The effects of Parathormone were not found to be related to any specific effect of the hormone on the tubular reabsorption of phosphate and could be elicited equally well with an autoclaved preparation. The effects appeared to be of a non-specific protein nature. It is important to consider this renal vasodilator effect in the study of the effects of Parathormone on the renal clearance of phosphate.
The data reported here indicate that some patients receiving intravenous infusions of distilled water, and having intravascular hemolysis from them, develop reversible renal vasoconstriction and oliguria without clinical evidence of systemic cardiovascular changes. Profound oliguria did not indicate that structural changes had occurred in the renal tubule cells and that function could be restored only after regeneration. If this type of renal response was due to intravascular hemolysis, and not to the infusion of distilled water as such, it could be a determining factor in the genesis of acute renal failure. Renal vasoconstriction from hemolysis could be converted to severe renal ischemia -by mild to moderate shock induced by the reactions to mis-matched blood transfusion, Cl. Welchii infections, or blackwater fever. This could provide a partial explanation for the irregular incidence of acute renal failure after intravascular hemolysis. SUMMARY 1. Intravascular hemolysis has been induced in 10 patients by the infusion of distilled water into a small peripheral vein while renal function was studied.
2. Urine flow became directly correlated with renal plasma flow (Diodrast clearance).
3. Profound oliguria and marked renal vasoconstriction developed in seven of the patients but both rapidly disappeared when the infusion of distilled water was discontinued.
4. Oliguria and renal vasoconstriction could be reversed rapidly by the intravenous injection of Parathormone which caused renal hyperemia.
